This work reports the demonstration of enhancement-mode In 0.53 Ga 0.47 As n-channel MOSFET using HfAlO gate dielectric and TaN metal gate using a self-align process for the first time. We employ the conventional self-aligned gate-first process with low temperature dopant activation. The incorporation of Indium in InGaAs channel not only provides higher electron mobility but also improves interface quality with high-k dielectric, enabling direct deposition of HfAlO on InGaAs channel. Source and drain dopant activation can be achieved at low temperature (600 o C) with excellent junction property. Introduction With the scaling of Si-based MOSFET reaching its fundamental limits, considerable interest has been directed toward channel engineering using high electron mobility III-V materials such as GaAs. GaAs n-MOSFET with Si passivation layer has been demonstrated [1]. Comparing to GaAs, ternary III-V compound InGaAs can be a better candidate as n-channel materials because of its higher intrinsic electron mobility (x9 Si for Indium 53%), better interfacial integration with high-k dielectric than GaAs, lower temperature for dopant activation, larger Γ-L valley difference and the feasibility for bandgap engineering. Recently, In 0.53 Ga 0.47 As n-MOSFET employing the gate-last process was fabricated and exhibited high electron mobility [2, 3].
Results and discussions
XPS is used to compare the GaAs and InGaAs interface quality with HfAlO. The de-convoluted O 1s spectra from HfAlO/GaAs and HfAlO/InGaAs in Fig. 5 clearly show that the incorporation of Indium can effectively suppress the formation of GaO and AsO at the interface after the HfAlO growth. HRTEM image in Fig. 6 illustrates excellent interface between MOCVD HfAlO and InGaAs. HfAlO film thickness is 14.1 nm. Fig. 7 shows excellent capacitances in an InGaAs n-MOSFET. The C-V characteristic between gate and substrate fits well with the simulated curve with a sharp transition and good accumulation behavior, indicating an excellent interface with low trapping density and Fermi level pinning free interface. The C-V characteristic between gate and tided-up S/D shows excellent inversion characteristics for MOSFET turn on operation. The EOT of HfAlO film in this work is estimated to be 4.46 nm by fitting with the simulated curve considering quantum mechanical effects. Fig. 8 shows extremely low leakage currents of TaN/ HfAlO/ InGaAs gate stacks for both gate and substrate injection cases, which can be attributed to the high conduction band offset (CBO) and valence band offset (VBO) between HfAlO and InGaAs channel [5] .
Low temperature process is desirable for high-K/highmobility channel system in order to mitigate the constraints of their thermal stability issues. RTA temperatures for dopant activation from recently reported GaAs and gate-last InGaAs transistors are normally above 750 o C [1] [2] [3] [4] . InGaAs transistor in this work utilizes a RTA temperature of 600 o C and it is sufficient to obtain excellent activated S/D junctions with 6 orders of rectifying characteristic at ±1 V ( Fig. 9 ) and low sheet resistivity. Fig. 11 . The threshold voltage is extracted to be 0.2 V and the maximum transconductance is 22 mS/mm. The inset of Fig. 11 shows the subthreshold performance of the device at a drain bias of 1 V. On/off current ratio is in 4 orders at room temperature. Considering the relatively low bandgap of InGaAs (Indium 53%), this is at the same order as the reported InGaAs transistor using a gate last process and ALD High-k dielectric [2] . Conclusion The In 0.53 Ga 0.47 As channel n-channel MOEFET is successfully demonstrated with HfAlO as gate dielectric and TaN as metal gate for the first time using a self-aligned process. XPS shows that for HfAlO as gate dielectric, InGaAs is more effective to suppress the GaO and AsO formation than GaAs. Low gate leakage is observed in the gate stack. Activation temperature of 600 o C is possible, which is beneficial for high-k gate dielectric integration. I d -V d and I d -V g characteristics show excellent enhancement mode operation. 
